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We aimed to describe the pharmacokinetic interaction between phenytoin, a
potent CYP3A4 and P-glycoprotein (P-gp) (ABCB1) inducer, and gefitinib, a
CYP3A4, CYP2D6 and P-gp substrate.

An open-label, randomized, two-phase crossover study was conducted. Eighteen
healthy male volunteers (nine homozygous CC and nine homozygous TT as
determined by their ABCB1 C3435T polymorphism in exon 26) received a single
oral dose of 250 mg gefitinib alone or after 5 days treatment with phenytoin

(5 mg kg™' daily). Gefitinib plasma concentrations were determined by

WHAT THIS STUDY ADDS

RESULTS

CONCLUSIONS

first-pass.

high-performance liquid chromatography. Hepatic CYP3A4 activity was
evaluated by the C-erythromycin breath test (ERMBT) and the ABCBT and
CYP2D6 genetic polymorphisms were determined by the TagMan allelic
discrimination assay and long polymerase chain reaction, respectively.

Following treatment with phenytoin, mean gefitinib Cy,.x and AUGC,_.. decreased
by 26 * 44% [95% confidence interval (Cl) for the difference 5-48%, P = 0.005]
and 47 £ 26% (95% Cl for the difference 34-60%, P = 0.001), respectively, and
apparent oral clearance increased by 126 + 93% (95% Cl for the difference
80-172%, P = 0.004). Concomitantly, phenytoin increased the mean ERMBT by 91
+ 44% (95% Cl 75-105%, P < 0.001) from baseline, but the extent of liver
CYP3A4 induction was not correlated to the extent of interaction. Furthermore,
this interaction was independent of ABCB1 genetic polymorphism.The CYP2D6
genotype was slightly but significantly related to gefitinib clearance (P = 0.04)
during the control phase.

The significant interaction between gefitinib and phenytoin was not
correlated with the erythromycin breath test and was independent of ABCBT
polymorphism, but may involve presystemic CYP3A-mediated intestinal
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Introduction

Gefitinib (ZD 1839) is the first available oral quinazoline
compound referred to as a ‘selective’ epidermal growth
factor (EGF) receptor-tyrosine kinase inhibitor [1]. It pro-
vides an antiproliferative effect by blocking signal trans-
duction from the EGF receptor and has been recently
approved as third-line monotherapy in Japan for the treat-
ment of cancer patients who present with locally advanced
inoperable or recurrent non-small cell lung carcinoma.
Gefitinib systemic exposure is rather complex and highly
variable between subjects [1]. Gefitinib is a high-extraction
drug with a mean volume of distribution of about 1500 | in
humans and is subject to complex and extensive presys-
temic first-pass [1]. Drug-transport proteins including
P-glycoprotein (P-gp) and drug-metabolizing enzymes,
e.g. cytochromes P450 (CYP), are relevant factors affecting
the pharmacokinetic profile of gefitinib. Preclinical studies
performed with human liver microsomes suggested that
CYP3A4 was the major enzyme involved in gefitinib
metabolism.The 3A4 isoform accounts for as much as 35%
of total CYPs expressed in the liver and 80% in the small
intestine [2, 3]. CYP3A4 metabolizes as much as 60% of the
currently marketed drugs. Human liver CYP3A4 activity
varies widely between individuals and may account
for some of the interindividual variability in gefitinib
exposure. Interestingly, P-gp and CYP3A4 are often
co-expressed in the same cells and share a large number
of substrates [4]. Swaisland etal. showed that co-
administration of the well-known potent CYP3A4 and P-gp
inducer rifampin decreased gefitinib systemic exposure by
83%, while the potent CYP3A4 and P-gp inhibitor itracona-
zole increased gefitinib systemic exposure by nearly 80%
in healthy volunteers [5]. Therefore, concomitant use of
drugs that are either metabolized and/or modulators of
CYP3A4 may affect gefitinib systemic exposure with clini-
cal consequences.

Further in vitro and in vivo studies have revealed that
gefitinib was also metabolized by CYP2D6, but its exact role
in the clinical setting is unclear [6, 7]. CYP2D6 expression is
known to be polymorphic, depending on at least 16 differ-
ent alleles. Approximately 7-10% of Whites completely lack
CYP2D6 activity as a consequence of deletion mutation in
both alleles of the CYP2D6. Swaisland et al. showed that,
following a single dose of gefitinib, exposure in poor
CYP2D6 metabolizers was nearly double that seen in exten-
sive metabolizers [8]. Swaisland et al. recently showed that
co-administration of gefitinib with the CYP2D6 substrate
metoprolol resulted in a 35% increase in metoprolol expo-
sure, but this moderate interaction would not have a clini-
cally relevant effect [5]. Hence, it is currently unclear
whether or not CYP2D6 may explain interindividual vari-
ability associated with gefitinib systemic exposure either
alone or in association with other CYP2D6 substrates.

Besides gefitinib metabolism, in vitro studies have
shown that gefitinib is a substrate and modulator of P-gp

[9], an ATP-dependent efflux transporter responsible for
multidrug resistance in cancer cells [10]. P-gp is expressed
in various normal tissues including the small intestine, liver,
kidney tubules, placenta, and endothelial cells lining the
blood-brain barrier [11]. Variable intestinal P-gp expres-
sion has recently been linked to a genetic polymorphism
located in exon 26 (C3435T) of the multidrug resistance-1
(MDR1 or ABCBT) gene encoding for P-gp. Reported
genetic polymorphisms of ABCB1 showed high inter-
ethnic variability, and numerous studies enrolling patients
with the TT (associated with low P-gp expression), CT (asso-
ciated with intermediate P-gp expression), and CC (associ-
ated with high P-gp expression) genotypes have tried to
evaluate the impact of this genetic polymorphism on the
pharmacokinetics of numerous drugs, e.g. digoxin or nelfi-
navir [12, 13]. Hence, this polymorphic transport protein
may play a role in limiting intestinal absorption of gefitinib
or in enhancing its biliary and/or renal elimination in
humans. It is not currently known whether or not the
ABCB1 genetic polymorphism could predict the drug-
drug interactions involving gefitinib in cancer patients.

Patients with cancer are at high risk of drug—drug inter-
actions. Such patients may indeed concomitantly receive
cytotoxic chemotherapy, hormonal agents and also sup-
portive care with antiemetics, analgesics and anticonvul-
sants [14]. Phenytoin is a well-known anticonvulsant used
in epileptic patients, including those with advanced lung
cancer and brain metastases. Phenytoin is a potent inducer
of CYP3A4 [15] and is known to reduce significantly serum
concentrations of a number of cytotoxic drugs, e.g. meth-
otrexate, vincristine, irinotecan, cisplatin and teniposide
with possible loss of efficacy [16]. Phenytoin may therefore
interact with gefitinib, and the characterization of this
drug-drug interaction is important for a rational and
predictive approach to avoid treatment failure by indivi-
dualized dose adjustments or contraindication of the
association [17].

Among the numerous probes available for assessing
hepatic CYP3A4 activity, the "C-[N-methyl]-erythromycin
breath test (ERMBT) is a commonly used non-invasive phe-
notype probe for liver CYP3A4 activity in healthy subjects
and patients [18]. The result can be obtained in <1 h and
provide a reliable and reproducible measure of liver
CYP3A4 activity and of the effect of modulators on the
basal activity of the enzyme in humans. The ERMBT has
been extensively used to evaluate the role of liver CYP3A4
activity in the pharmacokinetics of numerous drugs,
including the anticancer agent docetaxel [19], the immu-
nosuppressant ciclosporin [20], the antibiotic rifampin [21]
and more recently the human immunodeficiency virus
(HIV) non-nucleoside reverse transcriptase inhibitors
delavirdine [22] and efavirenz [23]. The ERMBT also reliably
described the effects of inducers and inhibitors on liver
CYP3A4 activity [21-23].In addition, in a recent study con-
ducted in HIV-infected patients [24], the ERMBT results
correlated with the in vitro inhibition of CYP3A4 by the
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HIV-protease inhibitor nelfinavir. Hence, it may be able to
determine the extent of liver CYP3A4 induction by pheny-
toin and also whether or not the drug-drug interaction
between gefitinib and phenytoin, if any, could be predicted
by liver CYP3A4 induction.

Some studies have suggested a possible association
between gefitinib exposure and toxicity. In the random-
ized Phase Il trials IDEAL 1 and 2, where gefitinib doses
were evaluated, higher gefitinib concentrations resulted in
a greater incidence of drug-related toxicity (diarrhoea, skin
toxicity) [25]. Similar results were found by Li et al. [26].
Decreasing gefitinib concentrations due to drug-drug
interaction could be observed with phenytoin and may be
of major concern regarding clinical efficacy. The effect of
phenytoin on gefitinib pharmacokinetics should therefore
be characterized in order to individualize dosing regimen
in order to achieve appropriate inhibitory concentrations
in tumours, or simply contraindicate the association
between gefitinib and phenytoin in patients.

In this regard, we carried out a clinical study in healthy
volunteers to characterize this pharmacokinetic interac-
tion. Assuming a blood flow-independent hepatic extrac-
tion of gefitinib [1], we hypothesized that phenytoin would
increase gefitinib apparent oral clearance (CL/F) by at least
50%, due to a concomitant 50% increase in liver CYP3A4, as
assessed by the ERMBT [5, 6, 8, 15]. The secondary aim was
to determine whether this pharmacokinetic interaction
was influenced by the C3435T and CYP2D6 genetic poly-
morphisms and CYP3A4 liver activity in order to identify
patients in whom such a drug association may or may not
be recommended in the clinical setting.

Patients and methods

Materials

Single dose vials containing C-[N-Methyl]-erythromycin
(25 kBq) were purchased from Metabolic Solutions
(Nashua, NH, USA). Gefitinib was kindly provided by Astra-
Zeneca (Reims, France); phenytoin (Di-Hydan®) by Genop-
harm Laboratory (Lagny, France). All other chemicals and
reagents were of high-performance liquid chromatogra-
phy (HPLC) grade where appropriate.

Subjects

All volunteers were recruited from a pool of subjects who
had been genotyped for the single nucleotide polymor-
phism (SNP) located on exon 26 (C3435T) of the ABCB1
gene encoding for P-gp, as previously described [27].
Healthy male subjects, of any ethnic background, aged
between 18 and 65 years, within 30% of ideal body weight,
from whom written informed consent was obtained and
carrying the CC or TT alleles, were enrolled after they
underwent complete physical examination including
medical history and vital signs, and routine laboratory
tests. Exclusion criteria included abnormal physical exami-
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nation, history of allergy to erythromycin, or routine chemi-
cal or haematological laboratory values that were not
within normal range. None of the subjects was taking
any medication, either prescription or non-prescription
(including herbal products), known to alter CYP3A4,
CYP2D6 and P-gp function for at least 1 week prior to the
study. All were asked to abstain from grapefruit juice (or
grapefruit or Seville orange products) for at least 7 days
prior to and during the study. This study was approved by
the ethics committee of Paris, Saint-Louis. All patients gave
their written informed consent prior to participation.

Study design

The study followed an open-label, randomized, two-phase
crossover design, each phase being separated by at least 1
week. During the control phase, overnight fasting subjects
came to the therapeutic research unit on day 1 and under-
went evaluation of their basal liver CYP3A4 activity using
the ERMBT, and a blood sample was collected. They were
then given one 250-mg gefitinib tablet (Iressa®; Astra-
Zeneca) and 2 ml of blood was collected respectively 1, 3,4,
5,6,7,8,9, 11, 24,48,96 and 192 h after drug intake. The
patients were allowed to eat 4 h after drug intake. During
the interaction phase, subjects were evaluated for their
liver CYP3A4 activity at baseline using the ERMBT and
received phenytoin tablets (Di-Hydan®; Genopharm Labo-
ratory) 2.5 mg kg™ orally twice daily (at 08.00 and 20.00 h)
over 7 days. On day 5, one 250-mg gefitinib tablet was
given orally after an evaluation of liver CYP3A4 activity and
just before the morning dose of phenytoin. A 192-h phar-
macokinetic study was then performed following gefitinib
intake using the same schedule as during the control
phase. On day 7, volunteers underwent a second evalua-
tion of their liver CYP3A4 activity and the trough pheny-
toin plasma concentration was determined.

In fact, all volunteers who started with the interaction
phase were enrolled in the control phase at least 3 weeks
after the first one in order to comply with each individual
time schedule. Moreover, the volunteers should have a
phenytoin trough concentration under the limit of quanti-
fication before starting the control phase.

Erythromycin breath test procedure

The ERMBT was administered as previously described [18].
Briefly, a breath sample was collected at baseline and
20 min after 111 kBqg (0.074 mmol, 0.0543 mg) of “C-[N-
methyl]-erythromycin (Metabolic Solutions Inc) was
injected intravenously. Breath test results were expressed
as the percent of administered "C that was exhaled during
the first hour after the injection of erythromycin, estimated
from the rate of *CO, exhaled at 20 min [18, 28].

Gefitinib serum concentration determination
and pharmacokinetic analysis

Blood samples were centrifuged within 10 min at 1500 g
for 10 min, at room temperature, to provide two plasma
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aliquots for analysis of gefitinib. Gefitinib concentrations in
plasma were determined using a validated HPLC-MS-MS
analytical method [29]. Drug assays were carried out by
Analytico Medinet BV (Breda, the Netherlands). Briefly, after
addition of the internal standard, the sample [0.5 ml cali-
brator, quality control (QC) sample or unknown] was
extracted at pH 8 using 6 ml methyl-ter-butyl ether and
0.001 M NaOH. After centrifugation, snap freezing was per-
formed and the organic layer was transferred to a clean
tube. After evaporation to dryness at ambient temperature
under a stream of nitrogen, the dry residue was recon-
stituted in 250l mobile phase (acetonitrile/water-
ammonium acetate, 8 : 2,v/v) and aliquots injected into an
Intersil 150 x 4.6 mm ODS3 C18 HPLC column. Gefitinib
was detected using a triple quadrupole mass spectrometer
with a heated nebulizer source. The lower limit of quanti-
fication of the assay was 0.5 ng ml™'. During the analysis,
QC samples included in the analytical runs showed an
inter- and intra-assay precision <14% and an overall rela-
tive standard deviation (SD) ranging from 101 to 115% of
the corresponding nominal concentration.

Gefitinib oral pharmacokinetics was described by a
noncompartmental method using WinNonlin (version 4.1;
Pharsight, Mountain View, CA, USA). The terminal elimina-
tion rate constant (A,) was determined by linear regression
of at least the three last data points from the log-
linear concentration-time curve. The area under the
concentration-time curve was determined by the linear
trapezoidal method and extrapolation to infinity time by
dividing the last measured concentration by A,. Apparent
oral clearance (CL/F) was calculated as the ratio of the dose
to AUCo_...The maximum concentration (Cmay) and the time
to reach Ciax (Tmax) were determined by visual inspection of
the concentration-time curve.

ABCBT and CYP2D6 genotyping

Genomic DNA was extracted from whole-blood samples
with the Puregene DNA isolation kit (Gentra Systems, Min-
neapolis, MN, USA) according to the manufacturer’s recom-
mendations. Purified genomic DNA was stored at —20°C.
Genotyping for allelic variations was performed by use of
the TagMan allelic discrimination assay (Applied Biosys-
tems, Foster City, CA, USA). C3435T ABCBT SNP (rs1045642,
GenBank Accession No. NT_007933) genotyping was per-
formed as previously described [30]. Genotyping for the
four major mutants alleles (*3, ¥4, *5, *6 alleles mutations)
for the CYP2D6 gene determine most of the poor metabo-
lizer phenotypes in Whites. Detection of the gene duplica-
tion and deletion (CYP2D6*5) was performed using the
long polymerase chain reaction (PCR) method as previ-
ously described [31].The CYP2D6%*6 allele was detected by
use of the long PCR method for the whole-gene amplifica-
tion, followed by a subsequent nested PCR and restriction
enzyme analysis [32]. Genotyping for *3 and *4 alleles was
carried out by means of allele-specific 5" nuclease assay
using the predeveloped reagents of TagMan Universal PCR

Master Mix, TagMan probes, and PCR primers (Applied Bio-
systems). Each probe set was designed to discriminate the
studied mutation, respectively.The assay utilized specific 5’
degradation of probes during the PCR, resulting in allele-
specific dye release from the probes. The thermocycling
reaction and allele discrimination were performed using
the ABI Prism 7700 sequence detection system (Applied
Biosystems) according to the manufacturer’s instructions.

The post-PCR-generated fluorescence intensity was
quantified by use of an ABI PRISM 7700 Sequence Detector
System (software version 1.7; Applied Biosystems). Each
SNP genotyping procedure was performed in duplicate for
each patient. Five samples of each genotype (wild-type
homozygous, heterozygous, or homozygous for the allelic
variant) of each SNP identified by TagMan allelic discrimi-
nation (Applied Biosystems) were sequenced to validate
the genotyping assays. All PCR reagents were purchased
from Applied Biosystems.

Phenytoin assay

Blood samples were centrifuged at 1500 g for 10 min, at
room temperature, to provide two plasma aliquots. The
phenytoin plasma concentration was determined by
fluorescence polarization immunoassay (FPIA) analyser
(AXSYM™: Abott Diagnostic, Rungis, France) as previously
described [31]. The FPIA (AXxSYM™) phenytoin kits
(reagents and calibrators) used in this study to measure
total phenytoin concentration were obtained from Abbott
Laboratories (Rungis, France). The limit of quantification
was 1 mg I"".The therapeutic range of phenytoin in plasma
was set between 10 and 20 mg I}, as previously described
[33] and the absence of analytical interference with gefi-
tinib was checked.

Statistical analysis

All continuous variables were expressed as means = SD. A
sample size of 18 subjects (nine carrying the CC and nine
the TT genotype for the ABCB1 polymorphism in exon 26)
was needed to have at least 80% power to detect a 50%
decrease in gefitinib AUC,-.. in the presence of phenytoin
compared with control (with oo=0.05 as the level of signifi-
cance), assuming an interindividual variability of 60% (SD
of the observed effect). The effect of phenytoin on the
gefitinib systemic exposure parameters was expressed as
the percent change from control with the 95% confidence
interval (Cl) for the difference determined with a t-test for
two-tailed paired comparisons. Paired comparisons were
analysed with the nonparametric Wilcoxon signed rank
test.The relationship between gefitinib systemic exposure
and hepatic CYP3A4 activity (ERMBT) was examined using
the nonparametric Spearman’s rank correlation coeffi-
cient.The influence of CYP2D6 genotypes on the gefitinib
CL/F was evaluated by means of the nonparametric
Kruskal-Wallis test followed by Dunn test adjusted for
multiple comparisons if any difference was detected in
Kruskall-Wallis test. The influence of ABCB1 polymorphism
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was analysed on the gefitinib AUC,_.. by the nonparametric
Mann-Whitney U-test. All statistical analyses were per-
formed using Graph-Pad Prism 3.0 software (GraphPad
Software, San Diego, CA, USA). A P-value of =0.05 was
considered as statistically significant for all performed
comparisons.

Results

Demographic characteristics

Eighteen healthy male subjects were enrolled and com-
pleted the study. Mean age, weight and body surface area
were 30 * 9 years, 70 = 11 kg and 1.9 + 0.2 m? respec-
tively. Fourteen subjects (78%) were White, one (6%) was
African and three (32%) Asian.

Tolerability and safety

Gefitinib alone or in combination with phenytoin was well
tolerated.Only minor adverse events were reported during
the interaction phase, including skin rash in one case and
dizziness in three cases. These events were attributed to
phenytoin because they were not reported during the
control phase with gefitinib alone and completely resolved
within 1 week after treatment completion.

Induction of liver CYP3A4 by phenytoin
Phenytoin significantly increased the ERMBT by 91 * 44%
(95% ClI for the difference 75-105%, P < 0.001). No signifi-

cant difference between the ERMBT at day 5 and day 7 of
the interaction phase was observed (P=0.2,Figure 1).Base-

70
6.0 -

5.0

% of '4C erythromycin exhaled per hour

| 5 7
Day

Figure 1

Effects of phenytoin treatment (5 mg kg™' day™') on the "C-erythromycin
breath test (ERMBT) results in 18 healthy volunteers. Dotted line repre-
sented individual ERBMT results and the continuous (bold) line repre-
sented mean ERMBT results. Errors bars have been omitted for clarity
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line liver CYP3A4 as measured by the ERMBT ranged
between 1.1 and 3.1%.The mean inter- and intraindividual
variability was 23 = 3% and 11 = 11%, respectively, and
remained stable over time (P = 0.24). Mean phenytoin
plasma concentration at day 7 was 14 = 6 mg!™ (range
4.5-26.4 mg |7, as previously observed [33]).

Gefitinib pharmacokinetics alone and in the
presence of phenytoin

As shown in Table 1 and Figure 2, phenytoin decreased the
mean gefitinib Cnax by 26 * 44% (95% Cl for the difference
5-48%, P = 0.005), Tmax by 12 = 3% (95% Cl for the differ-
ence —2-27%, P =0.04) and AUC,_.. by 47 = 26% (95% Cl for
the difference 34-60%, P < 0.001). Apparent oral clearance
increased by 126 = 93% (95% Cl for the difference 80,172,
P =0.004) compared with the control phase (t-test for two-
tailed paired comparisons). Gefitinib elimination half-life
remained unchanged (95% Cl for the difference —5-25%,
P=0.16).

Influence of liver CYP3A4 activity, ABCB1
C3435T and CYP2Dé6 polymorphisms on
gefitinib pharmacokinetics

The secondary aim of the current study was to characterize
the interindividual variability of gefitinib systemic expo-
sure. Baseline liver CYP3A4 activity did not correlate to the
gefitinib pharmacokinetic parameters (r; = 0.004 for the
respective correlation with CL/F and AUC,_.., P = 0.8). Like-
wise, the systemic exposure of gefitinib was similar in CC
and TT homozygous subjects (P = 0.43 for all tested com-
parisons) (Table 2). During the control phase, gefitinib CL/F
was significantly lower in carriers of at least one CYP2D6*4
or CYP2D6*5 allele compared with those carrying two
wild-type alleles (79 = 68 vs. 118 = 30| h™', respectively,
95% Cl for the difference 17-60%, P = 0.02) (Table 3). As
CYP2D6 seemed to be a significant player in gefitinib clear-
ance, a more appropriate analysis restricted to CYP2D6
poor metabolizers (n=7) showed that correlation between
baseline liver CYP3A4 activity and gefitinib clearance
during the control phase was significant (r; = 0.6, P = 0.046)
when the outlier was omitted.

Influence of liver CYP3A4 activity and ABCB1
C3435T genetic polymorphism on the
pharmacokinetic interaction between gefitinib
and phenytoin

No relationship was found between the increase in CL/F of
gefitinib and liver CYP3A4 induction by phenytoin, as
assessed by the ERMBT (r;=0.15,P=0.1,Figure 3).Likewise,
the mean pharmacokinetic parameters of gefitinib were
independent of ABCB1 (C3435T genetic polymorphism
(Figure 4). During this interaction phase, the gefitinib CL/F
was no longer influenced by the CYP2D6 genetic variants
(P=0.2).The magnitude of induction of gefitinib clearance
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Table 1

Effect of phenytoin on gefitinib pharmacokinetics in healthy volunteers

Mean * SD % Change

pharmacokinetic Control Interaction phase mean * SD

parameters phase with phenytoin (95% CI for the difference) P-value**

Timax (h) 55+2 45*+12 12 = 30% 0.04
(=2, 27)

Cmax (ng mI-")* 141 = 80 91 =42 26 = 44% 0.005

(5, 48)

AUCo_.. (ng h™' mI-")* 3161 = 1730 1530 = 727 47 + 26% 0.001
(34, 60)

Ta2 (h) 25+9 21+9 15+ 10% 0.16
(-5, 25)

CL/F (I h=")* 103 = 54 234 + 207 126 = 93% 0.004
(80, 172)

*Stands for confidence interval. **Two-tailed paired comparisons with the nonparametric Wilcoxon signed rank test.

225

200

175

150

125

100

75

Concentration ng/mL

50

25|

0 24 48 72 96 120 144 168 | 9i
Time (h)

Figure 2

Geometric mean (* SD) plasma concentrations vs. time profiles of gefi-
tinib following a single 250-mg oral dose with (squares) and without
(diamonds) phenytoin.Error bars represented standard deviation for each
time point. Gefitinib 250 mg (—¢—); Gefitinib 250 mg + Phenytoin 5 mg/
kg/day (o)

was greater in carriers of at least one CYP2D6*4 or
CYP2D6*5 allele compared with those carrying two wild-
type alleles (2.7 = 0.8 vs. 2.0 = 1.0, respectively, P = 0.046).

Discussion

In the current study, we characterized the systemic expo-
sure of the novel anticancer drug gefitinib in healthy vol-
unteers as well as the extent and clinical significance of the
interaction with phenytoin.The pharmacokinetic profile of
gefitinib obtained in absence of phenytoin was consistent

with previously published clinical trials conducted in
healthy volunteers and in patients [5, 26, 34-36].

During phenytoin treatment, the AUGC,.. of gefitinib
was reduced by about a half, on average. The sensitivity of
gefitinib to CYP induction has been shown in a previous
study using rifampicin [5]. However, the effect of phenytoin
in this study was much less than that of rifampicin, the
latter reducing gefitinib AUGC,... to one-sixth of control
values. Although there is evidence that the incidence of
some effects of gefitinib is concentration dependent [26],
no link has been established between gefitinib exposure
and efficacy [5]. Furthermore, little relationship between
efficacy and dose was observed over the range 150-
1000 mg day™' [36]. Although it is reasonable to suppose
that a decrease in the level of exposure to gefitinib has the
potential to reduce its efficacy, in the absence of a defini-
tive relationship it is difficult to put into clinical perspective
the magnitude of the interaction between gefitinib and
phenytoin observed in this study. Until more information
becomes available, it must be concluded that the risk of
reduced efficacy supports caution when using gefitinib in
patients taking phenytoin.

Although the use of the ERMBT to demonstrate the
induction of CYP3A4 by rifampicin has been reported [21],
the effect of phenytoin on the ERMBT has not previously
been described.In the current study, hepatic CYP3A4 activ-
ity, as measured by the ERMBT, was clearly doubled from
baseline following phenytoin administration. Moreover,
liver CYP3A4 induction appeared to have reached a
maximal effect by day 5, since there was no further
increase at day 7. This time course is consistent with the
results of Fleishaker et al., who observed a rapid induction
of CYP3A activity within 48 h after the beginning of pheny-
toin treatment [15]. Our study aimed to simulate therapeu-
tically relevant effects of phenytoin. This was indicated in
terms of phenytoin plasma concentrations being in the
usual therapeutic range. Moreover, the dosing schedule
achieved maximum induction of CYP 3A4,as judged by the
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Table 2

Gefitinib pharmacokinetics according to the ABCB1 C3435T genetic polymorphism

Control phase
CC(n=9)

Mean =+ SD pharmacokinetic parameters*

T"IEX (h)T 5

Cmax (ng mi-") 144 + 85
AUGCo—. (ng h™' mlI-") 3497 = 2180
CL/F (1 h™) 104 = 67

Interaction phase with phenytoin
CC(n=9) LN GER)]

5 5 5
137 =78 101 = 45 82 + 39
2824 = 1161 1692 + 829 1368 + 615
102 = 41 233 £ 255 235 = 161

*P > 0.4 for all tested comparisons with the two-tailed Mann-Whitney U-test. 1 Tmax Were median values.

Table 3

Apparent oral clearance (CL/F in | h™") of gefitinib as a function of CYP2D6 genotypes

Genotype group (n = 17)%
Wild type

(extensive metabolizers)
CYP2D6 *1/*1 (n=9)

Heterozygous
(intermediate metabolizers)
CYP2D6 *1/*4 (n = 5) (27.8%)

Variant
(poor metabolizers)
CYP2D6 *4/*4 (n=1)

(50%) CYP2D6 *1/*5 (n = 2) (11.1%) (5.6%) P-value§
CPt 118 = 30 79 + 68 54 0.02
IPt 235 * 162 247 * 290 140 0.4

TCP, control phase; IP, interaction phase. +One sample did not yield PCR amplification. §Nonparametric Kruskall-Wallis test. P < 0.05 for wild-type CYP2D6 vs. heterozygous CYP2D6

genotype calculated with Dunn test adjusted for multiple comparisons.
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Figure 3

Relationship between percent increase of liver CYP3A4 activity and
percent increase of gefitinib apparent oral clearance (r; = 0.15, P = 0.1).
One data showing no increase apparent oral clearance gefitinib was
omitted

similarity of the ERMBT values on days 5 and 7 of phenytoin
dosing. Finally, the similarity of the baseline ERMBT values
at the start of the two phases of the study indicated that
normal CYP activity was restored during the wash-out
period.

McKillop et al. demonstrated that gefitinib metabolism
is mediated primarily by CYP3A4, whereas CYP3A5 and
CYPD6 were minor contributors [37]. They concluded that
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the wide variability in CYP3A4 activity in human liver was
probably a significant factor in the interindividual variabil-
ity observed in gefitinib pharmacokinetics. Thus a positive
correlation between liver CYP3A4 activity and gefitinib
clearance would be expected.However, the ERMBT was not
significantly associated with gefitinib clearance during
either study phase, despite both gefitinib oral clearance
and the ERMBT being increased by phenytoin treatment.
Hirth etal. demonstrated that hepatic CYP3A4 activity
was the strongest predictor of docetaxel clearance and
accounted for two-thirds of the interindividual variability
in clearance [19]. However, attempts to relate gefitinib
clearance to measures of CYP3A4 activity have produced
mixed results. Swaisland et al. [8] used a single oral dose of
midazolam to examine the relationship between CYP3A
activity and gefitinib clearance. Midazolam was chosen as
it is recognized to reflect directly hepatic and intestinal
CYP3A total activity including CYP3A4 and CYP3A5 [18,
38]. A trend towards a correlation was described between
the midazolam and gefitinib AUCs, although this did not
reach statistical significance [8]. In contrast, in a recent
study performed in cancer patients taking 250 mg or
500 mg of gefitinib, midazolam oral clearance significantly
correlated with steady-state gefitinib systemic exposure
and predicted as much as 40% of its interindividual vari-
ability [26]. The involvement of intestinal CYP3A-mediated
metabolism may represent an explanation for the lack of
correlation between gefitinib clearance. Likewise, the
extraction of gefitinib is estimated to be approximately
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Influence of ABCB1 genetic polymorphism in exon 26 C3435T (a) and of
CYP2D6 genotype (b,c) on gefitinib apparent clearance (Ih™') during
control and interaction phase, respectively. Data for the muted CYP2D6
genotype were gathered from patients with one variant allele (heterozy-
gous genotype) or two variant alleles (variant genotype)

60% (48-68%) [39]. Therefore gefitinib clearance would
become dependent on hepatic blood flow but also on the
intrinsic clearance to a lesser extent. As the hepatic extrac-
tion ratio was not lower than 0.3, this could be a reason for
the lack of ERMBT correlation.

Although erythromycin is a useful mechanistic probe,
numerous studies have shown that a lack of ability to
predict the disposition of CYP3A4 substrates is also owing
to effects of erythromycin uptake and efflux transporters.
As gefitinib is also a P-gp inhibitor, it is possible that gefi-
tinib could have an effect on erythromycin efflux and
compromised the ERMBT to be a predictor of gefitinib
clearance [40, 41]. Frassetto et al. showed that the ERMBT
increase was modest and statistically not significant with
lansoprazole, suggestinf that modest P-gp inhibition may
not affect ERMBT results at baseline or following phenytoin
treatment in our study [40].

In another recent study, the mean clearance of doc-
etaxel, a well-known substrate of CYP3A4, CYP3A5, P-gp
(ABCB1), MRP-2 (ABCC2) and OATP1B3 (SLCO1B3), was
significantly and independently correlated with sex, liver
CYP3A4 activity, as measured by the ERMBT, CYP3A4*1B
and CYP3A5*1A alleles, but none of the common haplo-
types in SLCO1B3, ABCB1 or ABCC2, using multiple regres-
sion analysis [42]. This further supports that, especially in
the case of strong induction, ERMBT results may not be
confounded by these hepatocyte transporters.

The modulation of hepatic P-gp by phenytoin may
have altered the current ERMBT results, as recently shown
with the specific P-gp inhibitor tariquidar in humans [41].
This was indeed one of the main limitations to use of
ERMBT in the current study, although our results were
similar in subjects carrying the CC genotype compared
with those who did not (i.e. carrying the TT genotype).

Although the total mass of CYP3A4 in the entire small
intestine has been estimated to be around 1% of that in
the liver, there is increasing evidence that intestinal CYP3A
can contribute significantly, in some cases equally to
hepatic CYP3A, to the overall first-pass metabolism of
several drugs [43-46]. In addition, rifampicin has been
shown to be capable of inducing intestinal CYP3A4 [47].
Some of the most documented, clinically relevant drug
interactions were indeed observed with grapefruit juice.
Grapefruit juice acts through inhibition of intestinal but
not liver CYP3A4 [48]. Based on the current results and on
the study by Li et al. [49], we hypothesize that gefitinib—
phenytoin interaction may depend on induction of
intestinal rather than liver CYP3A metabolism. This
interpretation is supported by the small and nonsignifi-
cant change in gefitinib half-life. Further studies using
selective intestinal CYP3A4 inhibition would be required to
confirm this.

O-desmethyl-gefitinib (M523595) is produced by
CYP2D6 and is the predominant metabolite in plasma.
Although it is present at concentrations similar to those of
gefitinib in human plasma, it is not thought to contribute
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significantly to the therapeutic activity of gefitinib in the
clinical situation [50]. Swaisland et al. [8] found that follow-
ing a single dose of gefitinib, systemic exposure to gefitinib
in subjects carrying at least CYP2D6*4 or CYP2D6*5 alleles
was nearly twice that of those carrying the wild-type
alleles. Although CYP2D6 polymorphism had a statistically
significant effect on the clearance of gefitinib during the
control phase of the current study, the effect was not
detectable during phenytoin treatment. It is likely that
during CYP3A4 induction, the relative contribution of
metabolism by CYP2D6 is reduced, which may explain why
the influence of CYP2D6 genetic polymorphism disap-
peared. However, as the magnitude of induction of gefi-
tinib clearance was greater in poor metabolizers than in
extensive metabolizers, the latter seemed to be less sensi-
tive to the interaction with phenytoin.

This clinical study was also designed to show the con-
sequences of the most extensively studied ABCB1 variant,
C3435T, on gefitinib pharmacokinetics, particularly during
the absorption phase.No significant difference for gefitinib
pharmacokinetics was observed between the two groups,
although, with the known variability in gefitinib systemic
exposure, the small sample size may have influenced this
observation. Saturation of the multidrug transporter by
high concentrations of gefitinib at the apical surface of the
intestinal epithelial cells may explain these results. More-
over, the functional effect of the variant tested is contro-
versial, with conflicting results throughout the literature
[51].In addition, phenytoin is a well-known P-gp inducer,in
addition to CYP3A4 [52].In this regard, it appeared relevant
to determine whether the gefitinib—phenytoin interaction
was the same in subjects carrying the CC genotype com-
pared with those carrying the TT genotype.

However, although in vitro studies have previously
demonstrated that gefitinib is transported by P-gp, it was
with much lower affinity compared with another polymor-
phic efflux transporter protein, ABCG2, which is highly
expressed in the intestine and liver [53]. In vitro studies
using HEK293 human embryonic kidney cells transfected
with wild-type and mutant ABCG2 demonstrated that gefi-
tinib is transported by ABCG2 at clinically achievable con-
centrations (0.1-1.0 um). A functional ABCG2 SNP has been
identified in exon 5 (C421A) and showed a reduced trans-
port associated with greater gefitinib plasma accumu-
lation at steady state [54]. Furthermore, a recent study
postulated that patients with reduced ABCG2 activity are
at increased risk for diarrhoea, with implications for opti-
mizing treatment with gefitinib [55]. Li et al. showed that
ABCG2 (421C—A) was associated with greater accumula-
tion of gefitinib at steady state and may be relevant
to toxicity and antitumour activity [56]. As volunteers
received only a 250-mg dose, our study was not designed
to show this drug accumulation and we did not genotype
on ABCG?2 the volunteers enrolled in this study. Moreover,
in our sample size we would probably have found fewer
than four patients out of 18 carrying the ABCG2 421C—A,
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which is too low to find any statistically meaningful rela-
tionship with gefitinib—phenytoin interaction.

In addition, although it may be plausible that this efflux
pump may have had greater influence than P-gp on gefi-
tinib pharmacokinetics during the control phase, its role
during the gefitinib—phenytoin interaction phase of the
current study is uncertain, as phenytoin is not an inducer of
ABCG2 to the best of our knowledge.

In conclusion, the significant and relevant drug-drug
interaction involving phenytoin and gefitinib was not cor-
related to the ERMBT, but may possibly involve intestinal
CYP3A4 since CL/F increased significantly whereas the
half-life did not, although the latter hypothesis deserves
further confirmation using selective in vivo knockout of
intestinal CYP3A-mediated metabolism with furanocou-
marins contained in grapefruit or Seville orange juice [57].
The assumption of an intestinal rather than liver CYP3A
drug-drug interaction between gefitinib and phenytoin,
rifampin, and other CYP3A modulators used in the man-
agement of cancer patients is paramount for the clinicians
and further emphasizes the need for a non-invasive probe
of intestinal first-pass in order to optimize drug dosage
and management of drug associations in clinical practice
on an individual basis. A clinical interaction study per-
formed in patients, at steady state, using midazolam as a
probe for liver and intestinal CYP3A4 and ABCG2 genotyp-
ing would be certainly warranted.
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